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We have performed ipole calculations of energies of the Ge(00 1) 
surface to compare the ground states of b(2 x 1), c(4 x 2), p(2 × 2) 
and p(4 x 1) symmetry dimer reconstructions. We have found that 
p(2 × 2) is the lowest energy reconstruction at zero temperaiure. 
1. INTRODUCTION 
THE Ge(0 0 1) SURFACE has been investigated with 
the tunneling microscope [1]. An asymmetric dimer 
reconstruction is observed that does not require 
vacancy type defects for stabilization at room tem- 
perature. Regions of local (2 x 1), c(4 x 2) and 
p(2 × 2) symmetry are found, and the atomic posi- 
tions in these regions are modeled using different 
arrangements of asymmetric buckled dimers. The 
dimers are thought o be asymmetric in a sense that 
the dimer bond axis is not parallel to the surface plane: 
one atom buckles away from the surface, while the 
other buckles in [2, 3]. Lambert et al. [5], using He 
diffraction, report c(4 x 2) and p(2 x 2) symmetries 
at T < 150K in agreement with Kevan [6], who say a 
LEED diffraction peak indicative of either p(2 × 2) 
or centered (2 × 2) at 220 K. However, this disagrees 
with the results of Culbertson, Kuk, and Feldman [7], 
who report only c(4 x 2) diffraction patterns at low 
temperature. Ab initio calculations of the total energies 
of the Ge(00 1) reconstructions have been performed 
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Fig. 1. Reconstruction geometries of the Ge(00 1) 
surface for the 2 x 1 family. The tilting of the dimers 
is 14 ° [3], their length is 2.45A [3, 8]. a = 4A. 
[2, 3], showing that p(2 × 2) and c(4 × 2) are the 
lowest energy reconstructions being nearly degenerate 
in energy. An earlier calculation [4] using an effective 
spin Hamiltonian and tight-binding calculations essen- 
tially yields the same results for the Si(0 0 1) surface. 
The analogy to an Ising spin system is obvious, the 
ordered (2 × 1) structure corresponds to the ferro- 
magnetic phase, while the c(4 x 2) structure corre- 
sponds to the antiferromagnetic one (see Fig. 1). The 
charge transfer between down atom and up atom has 
been estimated by Chadi [9] (2 = 0.36) and Rich et al. 
[10] (2 < 0.1) for the Si(00 1) surface. It is the aim of 
the present paper to show that the p(2 × 2) recon- 
struction is evidently lower in energy than the 
c(4 x 2) reconstruction at zero temperature. 
2. CALCULATIONAL PROCEDURE AND 
RESULTS 
We compute the electrostatic energy for four 
members of the (2 x 1) family of buckled dimer 
reconstructions (Fig. 1). The asymmetric dimer model 
is used: pairs of atoms at the surface relax by dimeriza- 
tion into an asymmetric onfiguration. Associated 
with the asymmetric dimer are two surface states one 
filled (])up) and one empty (Ddow,). This can also be 
seen as a net charge transfer from the lower to the 
higher part of the dimer and this again corresponds to 
dipoles of length 2.45 A and a tilt of 14 ° [3, 8]. We have 
not included the difference in the lateral displacement 
of the dimer atoms parallel to their bond for the 
c(4 x 2) reconstruction because the deviations are 
only a few % of the bond length of the dimer [2]. 
The energy difference AU between one configura- 
tion and another can, for symmetry reasons, be found 
by switching one and only one dipole of the surface 
unit cell, at the time. This dipole will be called P0 and 
is located at the origin. The electric field in the origin 
caused by the other dipoles, located at ri, is treated as 
follows. If [ri[ exceeds R, being in our calculations 
about 240 A, the dipoles are point like, else the dipoles 
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Table 1. Energy differences of the (2 x 1)family symmetry configurations. 2 has a value of about 0.1-0.2 
Reconstruction (eV/dimer) (eV/dimer) (eV/dimer) (eV/dimer) 
Si(00 1) Ge(00 1) Ge(00 1) Ge(00 1) 
[4] [2] [3] this work 
b(2 x 1) 0.000 0.00 0.000 0.00 
c(4 x 2) - 0.031 - 0.05 - 0.066 - 1.95 22 
p(2 x 2) - 0.036 - 0.069 - 2.25 22 
p(4 × 1) 0.036 0.035 3.23 22 
(also P0) are replaced by two discrete charges, q and 
-q .  Since the (2 x 1) reconstruction is used as 
the energy zero, the following expressions will yield 
the energy differences AU(n × m), where (n × m) 
indicates the reconstruction: 
AU = U[(n × m)] -  U[b(2 x 1)] (l) 
U = - ~ Po" Ei(0) - q ~ V,(-L/2) 
Iril > R Iril < R 
+ q ~ V,(L/2) (2) 
I r i l<R 
p = qL = 2eL (3) 
1 F3r~" Pi Pi ] 
Ei (0) 4Xeo 1 I r, I ~ r, - ~_  (4) 
Vi(x) - qi x = --L/2 or x = L/2 
4roe0 [ r  i - -  x I 
(5) 
Where L is the dimer length and 2 is the charge transfer 
from the down atom of the asymmetric dimer to the 
up atom of tile asymmetric dimer. E~ stands for the 
electric field caused by a dipole p~ at r~ in the origin and 
V/for the corresponding electrostatic potential. The 
summation runs over all surface lattice sites with the 
exception of the origin. Since the ordering of the 
energy differences has to be the ordering of the total 
energy the energetically favourable reconstruction at
T = 0 can be tound. 
Table 1 shows the energy differences AU(n x m) 
in eV per dimer. The physical reason why thep(2 × 2) 
reconstruction is lower in energy than the c(4 × 2) 
reconstruction is due to the fact that an in phase 
ordering of adjacent rows of dipoles is energetically 
preferred to the out of phase ordering. So the ordering 
of the energies of the different reconstructions relative 
to each other can be understood on the basis of elec- 
trostatic arguments only. The alternation of dimers 
along a row makes the p(2 × 2) and c(4 × 2) sym- 
metry reconstructions lower in energy than the 
b(2 × 1) and p(4 x 1) symmetry reconstructions. 
Assuming a charge transfer of about 2 = 0.15 we get 
essentially the same result as the ab initio calculations 
of Needels et al. [3]. 
3. CONCLUSIONS 
We have calculated the energy differences of four 
different symmetry dimer reconstructions of the 
Ge(0 0 1) surface at zero temperature. We have shown 
that by computing the electrostatic energy of the 
dimers of one layer we get essentially the same results 
for the different reconstructions compared with the 
ab initio density-functional c culations of Needels et al. 
[2, 3] and also with the two dimensional Ising spin 
calculations of Ihm et al. [4]. However, these authors 
state that the difference between the p(2 x 2) and 
c(4 x 2) symmetry reconstructions i within the 
uncertainties in their calculations, whereas we believe, 
on the basis of our calculations, that the p(2 x 2) 
is essentially lower in energy than the c(4 x 2) 
reconstruction. 
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